Osteoarthritis (OA) of the knee is one of the main causes of mobility decline in the elderly. Non-surgical treatments such as administration of supplements to strengthen the joint cartilage matrix have become popular not only for pain relief but also for joint preservation. Glucosamine has been used in many countries based on the increasing evidence of its effectiveness for OA. Although there are many previous studies and systematic reviews, the findings vary and different conclusions have been drawn. We aimed to review recent randomized controlled trials on glucosamine for knee OA to reveal up-to-date findings about this supplement. We also performed a meta-analysis of some of the outcomes to overcome the unsolved bias in each study. Eighteen articles written between 2003 and 2016 were analyzed. Many used visual analogue scale (VAS) pain scores and the Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC), which were assessed in our meta-analysis. We found a marginally favorable effect of glucosamine on VAS pain scores. The effect on knee function, as measured by the WOMAC, was small and not significant. A newly established knee OA scale, the Japanese Knee Osteoarthritis Measure (JKOM), is commonly used in Japan. Although the number of subjects was small, the JKOM meta-analysis indicated that glucosamine is superior to a placebo in alleviating knee OA symptoms. Given this, we concluded that glucosamine has the potential to alleviate knee OA pain. Further studies are needed to evaluate the effect of glucosamine on knee function and joint preservation, as well as to evaluate the combined effect with other components, such as chondroitin.
Introduction
Osteoarthritis (OA) is one of the main health problems in middle-aged and elderly populations because of its high prevalence and effect on activities of daily living. The pathological changes start in the cartilage of the joints, particularly in the weight-bearing joints such as the knees, hips, and vertebra. Recent surveys have reported that the prevalence of symptomatic knee OA is 12% in Americans older than 25 [1] and that radiographic changes (worse than Kellgren-Lawrence Grade 2) in knee joints are seen in 42.6% of men and 62.4% of women aged older than 40 in Japan [2] . The common symptoms of knee OA, such as pain, joint contracture, malalignment, and muscle weakness, lead to declined mobility. Yoshimura reported that people with symptomatic knee OA have a significantly lower physical quality of life (QOL) than those without it [3] . With the global aging population, the medical cost of these disorders has a large effect on health policies in each country.
Treatment modalities for knee OA have been established, implemented, and are documented in several guidelines [4] [5] [6] . The treatment modalities are largely divided into surgical and non-surgical treatments. Surgical knee joint arthroplasty is performed for more than 700,000 patients in the USA annually [7] . Non-surgical treatments include intra-articular injection, oral medication, plasters, exercise, and oral supplements. As an oral medication, non-steroidal anti-inflammatory drugs have been proven effective and are widely prescribed. Although these medical treatments have proven effectiveness, other therapeutic options have been proposed to use biological compounds, such as hyaluronans, chondroitin sulfate, and glucosamine, as oral supplements. The possibility that these compounds may have a chondroprotective effect on knee OA attracts significant interest among patients with knee OA.
Glucosamine is a biological component of joint cartilage and has been recognized in the USA, Europe, and Asian countries, as a supplement for knee OA together with chondroitin sulfate [8] . Numerous trials, as well as systematic reviews, related to glucosamine have been performed, and their conclusions are varied [8] [9] [10] [11] [12] [13] [14] . Two important reviews, Cochrane review in 2005 and the review by Eriksen et al. in 2014, reported the importance of the brand of glucosamine to explain the variance and that the studies using the Rottapharm/ Madaus product showed statistically significant effects on knee OA symptoms, while other glucosamine products failed to prove their effects [8, 14] . The finding was reflected in the consensus statement of the European Society for Clinical and Economic Aspects of Osteoporosis and Osteoarthritis in 2014, which recommends the use of the prescription formulation of patented crystalline glucosamine sulfate (Rottapharm/Madaus product) and chondroitin sulfate [15] . However, besides the Rottapharm/Madaus glucosamine product, new products containing glucosamine have been emerging every year globally. Therefore, it is still of interest for many people to obtain up-todate evidence for the effect of glucosamine in general. Moreover, as for the coverage of past reviews, search protocols were limited to articles written in English, and they did not include studies reported in Asian languages. Considering the popularity of glucosamine in Asian countries, studies from Asia are expected to provide additional information on the effectiveness of glucosamine.
In this study, we performed a systematic review of recent RCTs and other studies of glucosamine written not only in English but also in Japanese and Chinese, with a view of updating the current body of evidence on the effectiveness of glucosamine. We believe that the integration of independent RCTs in our meta-analysis will reveal non-biased outcomes regarding various glucosamine products and provide critical information for potential users of glucosamine with OA.
Method

Data sources
This study was performed based on a predefined and registered protocol (PROSPERO 2016: CRD42016036998 First, a reviewer assessed whether each article met our criteria, that is, an RCT on the effects of glucosamine on knee OA. The search keywords included BRCT,^Bknee,B osteoarthritis,^Bglucosamine,^and their synonyms. We included a published RCT paper in the first screening so long as it contained a treatment arm of glucosamine administration. Second, the collected articles were reviewed by two experts in bone and joint surgery. The articles were examined thoroughly to extract information about study design, outcomes, and obtained data. The quality of each study was also examined. Quality and risk of bias were assessed using Cochrane's risk of bias tool (sequence generation, allocation concealment, blinding of participants, personnel and outcome assessor, intention to treat, incomplete outcome data, selective outcome reporting, early cessation of the study, and other potential sources of bias).
Statistical analyses
Standardized mean difference effect sizes were obtained by dividing changes from baseline (or differences between before and after treatment) by the pooled standard deviation of the visual analog scale (VAS) pain scores, Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) scores, and Japanese Knee Osteoarthritis Measure (JKOM) scores. Results for the comparative effect between the glucosamine group and control group were presented by standardized mean difference (SMD) estimates and 95% confidence intervals (95% CI). We used a standard inverse variance random effects model for meta-analysis. Publication biases and small study effects were assessed using conventional funnel plots. Heterogeneity was assessed by I 2 statistics. A two-sided p value of < 0.05 was considered statistically significant. All statistical analyses were performed using Cochrane Review Manager software (RevMan) ver5.1 (The Nordic Cochrane Center, The Cochrane Collaboration) and SAS version 9.3 (SAS Institute, Cary, NC, USA).
Results
Selection process of articles
First, we identified 531 articles from the MeSH database that were related to the effect of oral supplements for OA. In addition, we found four systematic reviews [8, [12] [13] [14] . After title and abstract review, we obtained 29 articles related to glucosamine intervention. Further, we included additional 8 articles identified via manual search and obtained 37 articles for the second screening. After a thorough full-text reading process by experts, 19 articles were removed and 18 articles were used for further analyses ( Fig. 1 ) [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . Table 1 shows the list of obtained RCT articles. While nine studies used glucosamine alone, nine studies used commercial supplements containing both glucosamine and other supplements such as chondroitin (included in six studies). The formula of glucosamine is also varied; five studies used sulfate salt of glucosamine (two of them used Rottapharm/Madacus-made crystalline of sulfate salt), six studies used hydrochloride salt, and one study used N-acetylated glucosamine (unclear for the rest of the studies). Among 18 studies, 9 studies were performed in Japan (6 articles were written in Japanese). We found one Chinese RCT, but the study compared different dosages of glucosamine and was excluded from the analysis [34] .
Trial demographics of the selected articles
Among 18 identified RCTs, the study size varied between 18 and 630 subjects. We found 6 RCTs that included more than 100 subjects, while 8 RCTs involved less than 50 subjects. The duration of observation varied from 6 weeks up to 2 years, with 12 weeks being the most common observation period (8 studies). Only one study exceeded 1 year of observation and the study set joint preservation as its outcome [31] . Notably, we found several follow-up studies of studies performed previously [35] [36] [37] . Therefore, we only selected studies that were published for the first time after 2003, and follow-up studies were excluded.
As for the outcome measures, all studies included some sort of pain scale. The most commonly used outcome scale for health-related QOL was the WOMAC, which was used in eight RCTs. In the studies performed in Japan, another patientoriented questionnaire, JKOM, was used in three RCTs. This scale is based on WOMAC and SF-36 and designed to evaluate pain, limitation in mobility related to daily activity, and restriction of participation as separate domains [38] . The Japanese Orthopaedic Surgery Association Knee rating score (JOA score), which is a forerunner to the JKOM, was also used in three RCTs in Japan. Note that the entire WOMAC was not always used in each study. Many studies utilized both the WOMAC total score and sub-scores including pain, stiffness, and physical function.
We assessed the risk of bias in included studies by reviewing the methodological quality of each study. While all the studies adequately described the randomization process and blinding, only seven studies described concealment of allocation. 
Effect of intervention and meta-analysis
Overall, 12 studies (67% of reviewed) concluded that glucosamine was effective compared with a placebo control. It is noteworthy that four of six RCTs with large number of subjects (n ≥ 100) concluded that glucosamine was not superior to a placebo.
Effect of glucosamine on pain in knee OA
While all the reviewed papers included the assessment of the effect of glucosamine on pain, 10 studies used a VAS pain score, 7 used the WOMAC pain sub-score, and 3 used other scales. In one study [32] , the baseline pain scores were significantly different between the glucosamine group and the control group. In another study, the baseline pain scores were not presented [17] . Therefore, we excluded these two studies from the primary analyses of pain scores. As shown in Fig. 2 , the summarized analysis of VAS pain scores shows an effect size of − 0.19 (95% CI − 0.36, − 0.03), suggesting a statistically significant favorable effect of glucosamine. The funnel plot (Fig. 2 ) indicated relatively small inconsistency. As for WOMAC pain scores (Fig. 3) , the summarized effect size was − 0.04 ([95% CI] − 0.13, 0.06), suggesting a favorable but not significant effect of glucosamine on knee pain as measured by WOMAC. In a previous systematic review, a large inconsistency had been reported, and the effect of different brands was considered an important factor [14] . In contrast to previous reviews in which numerous trials used the Rottapharm/Madaus product, which tended to provide better results than other products, we only included 2 of 18 trials which used this brand. Herreo-Beaumont reported favorable results for glucosamine from Rottapharm/Madaus [23] , while
McAindon reported non-significant effects of glucosamine partially supplied by the same company [19] . Neither of the summarized effect of two Rottapharm/Madaus product studies nor the rest of studies showed significant effect in WOMAC pain sub-score (data not shown).
To examine the combined effect of glucosamine and chondroitin, we separated the studies into glucosamine alone and glucosamine with other components including chondroitin. As shown in Fig. 4 , while three glucosamine alone studies showed non-significant effect on pain with effect size of − 0.07 (95% CI, − 0.29, 0.14), studies using glucosamine and chondroitin show an effect size of − 0.45 (95% CI, − 0.81, − 0.09), indicating significant effect on pain.
Effect of glucosamine on health-related QOL among patients with knee OA
The health-related QOL among patients with knee OA was assessed with several outcome scales, among which WOMAC and JKOM were used for our meta-analysis. As for WOMAC, the physical function sub-score and total score showed similar results (Figs. 5 and 6, respectively). The summarized effect size was − 0.07 ([95% CI] − 0.17, 0.03) for the physical function sub-score and − 0.06 ([95% CI] − 0.17, 0.05) for the total score. For both cases, studies by HerreroBeaumont et al. and Nieman et al. showed relatively larger effect sizes than others did in funnel plots [23, 29] . The summarized data suggest that glucosamine has a small, nonsignificant effect size on health-related QOL measured by WOMAC.
As for JKOM, another health-related QOL scale, the summarized effect size was − 0.73 ([95% CI] − 1.13, − 0.32), indicating favorable results for glucosamine (Fig. 7) . All studies Fig. 2 Changes in visual analog scale pain score in patients treated with glucosamine versus placebo. Funnel plot shows effect size versus standard error of effect size. Generally, the smaller the study, the bigger the standard error of effect size. Dotted lines represent the expected variation of effect size in comparison to standard error. SMD: standardized mean difference Fig. 3 Changes in WOMAC pain sub-score in patients treated with glucosamine versus placebo using the JKOM took place in Japan, and one of the three trials was supported by the company that provided the glucosamine product. None of the three trials used glucosamine alone but used it in combination with other supplements, including chondroitin sulfate.
Discussion
In this review, we collectively searched publications related to the effect of glucosamine on knee OA written not only in English but also in Japanese and other Asian languages, resulting in 18 collected articles. Previously, a review by Cochrane on glucosamine therapy for OA reported 25 articles in 2008, which covered the 1966-2008 period [8] . In our meta-analysis, we selected studies after 2003 to identify more recent findings on glucosamine effects. Our meta-analysis revealed favorable results for glucosamine compared to placebos, especially in terms of VAS pain score and JKOM. Because several reviews concluded that the effect of glucosamine varied and was not definite, our results provide novel information about glucosamine [13, 14] . At the same time, note that the collective effect of glucosamine is small.
As reported in previous systematic reviews, our series also involves various types of glucosamine products. Although the dose of glucosamine was 1500 mg/day in most of the studies, the biological activities of ingested glucosamine were not necessarily equivalent. In particular, better results obtained from Rottaham/Madacus products depend on their crystalline form, which is more suitable for absorption. Our meta-analysis for pain VAS did not include studies using Rottaham/Madacus product and still showed significant effect of glucosamine on pain symptom. Therefore, in spite of large variations in its product, we assume that glucosamine in general has a favorable effect on pain symptom. Consistent with our results, Towheed reported statistically significant effects of glucosamine on pain, when they pooled various pain measurement methods (SMD = − 0.47; 95% CI = − 0.72 to − 0.23), while the effect was not significant for pain measured by WOMAC pain sub-score (SMD = − 0.06; 95% CI = − 0.14 to 0.03) [8] . Given that there is a tendency toward consistency of results in recent studies, the findings of our current metaanalysis should be robust.
In our systematic review of the effect of glucosamine on health-related QOL among patients with knee OA, we gathered information about the effect of glucosamine, as measured by WOMAC and JKOM. The JKOM was developed based on the WOMAC and SF-36 to reflect pain, mobility, and participation of patients with knee OA [38] . It includes 25 questions divided into 4 categories: pain and stiffness in knees, A B Fig. 4 Changes in visual analog scale pain score in patients treated with glucosamine alone or glucosamine with chondroitin. a Summarized effect size of three studies which used glucosamine alone. b Summarized effect size of studies which used glucosamine and chondroitin condition in daily life, general activities, and health conditions. Our meta-analysis showed a non-significant effect on WOMAC scores but a significant effect on JKOM scores in favor of glucosamine. While we should be cautious that the study size was relatively small (total of 50 subjects from 3 trials), it is possible that JKOM is more sensitive than WOMAC for measuring QOL of patients with knee OA. In the process of designing JKOM, the chance of confounding effect among questionnaire items was minimized, so that the sensitivity of the scale is secured for various levels of severity of knee OA [39] . Further studies using JKOM to assess the effect of glucosamine may provide more robust results about the efficacy of glucosamine.
While we confirmed the effect of glucosamine, the placebo group also showed improvement in outcome scales during the trial in most studies. This could be either due to the natural course of knee OA, placebo effects, or effects of other treatments the subjects chose, some of which researchers may have not been aware during the trial. These trends were commonly observed in other studies on musculoskeletal organs. We should be aware of this consideration when evaluating the results of the effect of any drug on knee OA symptoms.
Since knee OA is a slowly progressive pathology, the duration of intervention is critical in the assessment of efficacy. Among the articles reviewed, most articles have extended follow-up of more than 12 weeks. This seems to be an appropriate duration to assess the effects on the symptoms and performance of the knee. However, from the viewpoint of assessing cartilage preservation, 12 weeks is too short to evaluate results. Therefore, some studies took more than 2 years for evaluation, while some others utilized biochemical markers in the joint fluid to estimate the effect. The severity of OA at the initial time point is crucial to evaluate long-term structural changes in joint cartilage. While the LEG study did not show a joint space preservation effect in a mild OA population [31] , Raynauld et al. recently reported positive effects among OA knees where medial meniscal extrusion exists at baseline [40] . Given the paucity of studies dealing with cartilage preservation, we could not perform a meta-analysis this time. Because long-term intervention by supplements with sufficient compliance is difficult in terms of compliance, we need a new method to evaluate the condition of cartilage within a short time period, such as evaluation by magnetic resonance imaging or using reliable fluid biomarkers [41, 42] .
The current systematic review had several limitations. The products used in half of our series (nine studies) contain bioactive supplement other than glucosamine, which makes it difficult to assess the glucosamine effect alone. In particular, because chondroitin sulfate, involved in six studies, is expected to provide anti-inflammatory and joint preserving effects, the results from the combination recipe may involve a synergistic effect of glucosamine and chondroitin. Moreover, we found that the combination recipe tends have a larger effect on pain compared with glucosamine alone. Further study may be needed to explore an ideal combination with glucosamine. We tried to collect non-English articles but could only obtain Japanese and Chinese papers. Considering that glucosamine is now a supplement used globally, more studies might have been conducted in other countries. In addition, we had difficulty in selecting the outcomes for our meta-analysis. Because of the variation in the outcome scales used in each study, we could only conduct a meta-analysis for a very limited part of the results.
In summary, we reviewed recent RCT studies to examine the effect of glucosamine and found favorable effects of the supplement for pain alleviation with limited effect size. Our results suggest that clinicians should consider glucosamine as a supplement for patients with OA. Optimized tools for measurement are required to evaluate the effect of glucosamine on the activities of daily living of subjects. Long-term administration and observation using consistent scales and measurement of cartilage preservation are suggested for future studies.
